I. INTRODUCTION
Yttria (Y 2 O 3 ) is a superrefractory oxide that finds use in a variety of applications including optics, optoelectronics, microelectronics, and display devices.
1,2 Yttria is also used as an additive for liquid phase sintering of covalently bonded structural ceramics such as silicon nitride, silicon carbide, AlN, and SiAlON's, and to stabilize the cubic structure of zirconia for applications such as oxygen gas sensor and solid-state electrolyte. Another interest in the high-temperature data of yttria arises from the potential use of its melting point as a secondary temperature standard, 3 especially in view of the observations that the composition of the surrounding atmosphere has little influence on its stoichiometry at high temperatures and on its melting point. 4, 5 High thermal stability is the property that lends yttria (and the rare earth sesquioxides) useful in many applications. A knowledge of the real thermal behavior of this material is therefore desirable in a number of applications. In particular, characterization of thermal expansion and high-temperature phase transition is of great importance.
The monoclinic C2͞m space group at high pressures. 8 Recently, Katagiri et al. 9 observed a transition of C-Y 2 O 3 to another cubic structure near 2500 K when heated by a YAG laser beam. The structure was considered by them to be face-centered cubic of the fluorite-type (space group Fm3m or Fm3) with disordered oxygen vacancies and a room-temperature unit cell parameter a 5.2644͑3͒Å. It is not established yet whether or not this is a metastable phase; the common belief is that the hexagonal form is the liquidus phase. The melting temperature of the high-temperature form recommended by the IUPAC is 2712 6 12 K, 3 while a more recent determination 10 gave a value of 2706 6 4 K. We report here a high-temperature powder x-ray diffraction study of high-purity Y 2 O 3 from room temperature to its melting point. The experimental details and the results are discussed below.
II. EXPERIMENTAL PROCEDURE
We collected powder x-ray diffraction data at the Institute of Earth Sciences, Uppsala University. The starting material in our experiments was a fine powder of C-Y 2 O 3 from Auer-Rémy, France (99.99% purity). The Uppsala x-ray facility is a Siemens x-ray system comprising a direct-drive rotating anode x-ray generator (18 kW) and a 512 3 512 pixels Smart CCD Area Detector. Mo K a radiation (tube voltage 50 kV, tube current 24 mA, cathode gun 0.1 3 1 mm) monochromatized using an incident beam graphite monochromator was passed through a collimator of diameter 300 mm to the sample, and the diffracted x-ray was acquired by the detector positioned at an angle of 15 ± in relation to the incident beam. This position of the detector was found to be optimum in regard to the resolution and number of Debye rings (or segments) captured on the detector. We used corundum as an external standard to calibrate the settings of the detector. For high-temperature data collection, we used a simplified version of the thin-wire heating technique. 11, 12 The heating wire, which was either tungsten (0.35 mm diam) or rhenium (0.3 mm diam), was first flattened in the middle with a diamond anvil cell (the culet size of the two opposing diamonds was 0.6 mm). A 200 mm diameter hole was drilled at the center of the flattened part of the wire with an electro-erosion drill (BETSA), and the polycrystalline sample was pressed in the hole using the diamond anvils. The wire with the sample was then enclosed in a ceramic chamber which has two glass windows for the entry and exit of x-rays. By applying electrical current from a highly stable programmable TSX1820P, Thurbly Thander, Inc. dc power supply (0-18 V, 0-20 A), the wire could be heated to the required temperature. A steady flow of pure argon was maintained in the heating cell during the experiments to prevent oxidation of the heating wire. We obtained xray diffraction data in three runs: two runs with tungsten and the third run with rhenium as the heating wire. The data collection time was 600 s at every temperature. An internal standard is most suited to use as the temperature calibrant outside the temperature regions of conventional thermocouples and also when small sample size is used, as in our case. We, therefore, used tungsten as an internal standard to obtain the temperature. The unit cell parameter of tungsten calculated with the 110 and 200 peaks was plotted against the most recent data 12 on cell parameter versus temperature. The estimated error in temperature is 610 K at lower temperatures and reach up to 625 K at the highest temperature of our experiments. It should be mentioned that the use of small beam size, CCD area detector, large sample-todetector distance, and high temperature stability allowed us to obtain high quality data at high temperatures. We analyzed all the diffraction data by peak profile-fitting to resolve the peak positions.
III. RESULTS AND DISCUSSION
Selected x-ray diffraction spectra obtained at three different temperatures, namely 300, 2280, and 2530 K, are shown in Fig. 1 as examples. The diffraction peaks labelled Y ͑hkl͒ belong to yttria and those labelled W ͑hkl͒ belong to tungsten. The diffraction spectrum at 300 K is identical to those given in JCPDS files 41-1105 and 43-1036. The room temperature unit cell parameter that we obtained is slightly smaller ͑a 10.6031 6 0.0004Å) in comparison with the value adopted in the above JCPDS files (a 10.604Å), but falls within the range of values reported in the literature 13 temperature is clearly seen in Fig. 1 . The more intense diffraction lines could be followed all the way up to 2540 K. The number of diffraction peaks available for least-squares refinement of the unit cell parameter of C-Y 2 O 3 decreased from ten at lower temperatures through six in the range 1900-2500 K to five at 2540 K. The diffraction spectrum obtained at temperatures above about 2500 K had additional weak lines very close to the diffraction lines of C-Y 2 O 3 (marked Yh in Fig. 1 ), which signals a structural transition of this phase.
In Table I we give the unit cell parameter of C-Y 2 O 3 as a function of temperature to 2540 K. The first two columns are data from the runs in which tungsten was the heating wire and the data given in the third and fourth columns are from the run with rhenium as the heating wire. Figure 2 shows a plot of the data given in Table I . The curve represents the temperature dependency of the unit cell parameter according to Taylor. 6 Our data are consistent with the literature values up to about 1800 K where the temperature dependency of the unit cell parameter is nearly linear, but deviates to higher values above this temperature, eventually becoming clearly nonlinear just prior to the structural transition.
The x-ray diffraction spectrum of the hightemperature Y 2 O 3 phase is consistent with that of Fm3 Y 2 O 3 structure reported in JCPDS file 43-661. 9 For example, from the 2530 K diffraction spectrum shown The symbols correspond to this study and the curve according to Taylor. 6 in Fig. 1 14 observed a break in the slope at about 2520 K of the electrical conductivity versus temperature plot of yttria. We further note that the x-ray diffraction spectrum of the samples quenched from temperatures above about 2520 K retained the diffraction peaks belonging to the high-temperature phase, pointing to the quenchable nature of the transition.
We could not follow the thermal expansion behavior of the high-temperature phase, because the sample recrystallized within 2-3 min of heating and the quality of the data deteriorated with the appearance of spots lying along the Debye rings (which can be seen in the CCD detector images). All the diffraction rings, with the exception of those belonging to tungsten, were gradually replaced by spots which grew in size with increasing temperature and time of collection, and at about 2730 K, all the spots disappeared from the detector images, suggesting complete melting of the yttria sample. It should be mentioned that despite the small size of the sample, a thermal gradient across the sample is not completely avoidable. We estimate the actual melting temperature (where the first melting appears as seen from the image characteristics on the detector) to be at 2705 6 25 K. This value is in good agreement with the literature values, 3, 10 although the error in our determination is higher because of the use of a secondary temperature standard.
Beginning with Foex and Traverse, 7 a number of researchers working on pure yttria or yttria-metal oxide binary systems have reported the occurrence of a hightemperature phase transition in yttria somewhere in the range 2520-2615 K which they believed is a cubichexagonal transition. [14] [15] [16] [17] [18] [19] It is unclear yet whether the thermodynamically stable phase at high-temperatures is the hexagonal phase as commonly believed or the fluorite-type cubic phase observed by Katagiri et al. 9 and in this work. It is likely that the high-temperature cubic phase observed in situ in our work is a stable phase. Another possibility is that the phase transition behavior of yttria at high temperatures is more complicated than what is generally considered with more than one phase transition as suggested by the high-temperature thermal analysis data. 15 
